A new semi-empirical formula for calculations of α decay halflives is presented. It was derived from Royer relationship by introducing new parameters which are fixed by fit to a set of experimental data. We are using three sets: set A with 130 e-e (even-even), 119 e-o (even-odd), 109
I. INTRODUCTION
A.H. Becquerel discovered, by chance, α, β, and γ radioactivities -the first experimental information coming from an atomic nucleus. E. Rutherford realized that the alpha particle is 4 He. H. Geiger and J.M. Nuttal [1] gave in 1911 a simple relationship allowing to estimate the half-lives, but only in 1928 the right explanation was given by G. Gamow and simultaneously by R.W. Gurney and E.U. Condon, as a quantum tunnelling through the potential barrier, mostly of electrostatic nature.
As far back as 1911, Geiger and Nuttal have found, for the members of a given natural radioactive family, a simple purely empirical dependence [1] of the α-decay partial half-life, T α , on the mean α-particle range, R α , in air (at 15
• C temperature and one atmosphere pressure), which may be written as:
log 10 T α (s) = −57.5 log 10 R α (cm) + C
where C depends on the series, e.g. C = 41 for the 238 U series. One has approximately R α = 0.325E
3/2 α
in which the kinetic energy of α particles, E α , is expressed in MeV and the range in air, R, in cm. This relationship is now of historical interest; the effect of atomic number, Z, upon decay rate is obscured. The one-body theory of α-decay can explain it and to a good approximation produces a formula with an explicit dependence on the Z number.
Nowadays, very often a diagram of log T α versus ZQ −1/2 is called Geiger-Nuttal plot [2] .
There are many semiempirical relationships (see for example Refs. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] ), allowing to estimate the disintegration period if the kinetic energy of the emitted particle E α = QA d /A is known. Q is the released energy and A d , A are the mass numbers of the daughter and parent nuclei. Alpha-decay half-life of an even-even emitter can also be easily calculated by using the universal curves [14] or the analytical superasymmetric (ASAF) model [15] . Some of these formulae were only derived for a limited region of the parent proton and neutron numbers. Their parameters have been determined by fitting a given set of experimental data. Since then, the precision of the measurements was increased and new α-emitters have been discovered.
The description of data in the neighborhood of the magic proton and neutron numbers, where the errors of the other relationships are large, was improved by deriving a new formula based on the fission theory of α-decay [16] . A computer program [17] allows to change automatically the fit parameters, every time a better set of experimental data is available.
There are many alpha emitters, particularly in the intermediate mass region, for which both the Q-values and the half-lives are well known [18, 19] . Initially it was used a set of 376 data (123 even-even (e-e), 111 even-odd (e-o), 83 odd-even (o-e), and 59 odd-odd (o-o)) on the most probable (ground state to ground state or favored transitions) α-decays, with a partial decay half-life
where b α and i p , expressed in percent, represent the branching ratio of α-decay in competition with all other decay modes, and the intensity of the strongest α-transition, respectively.
The formula given by Fröman [3] is limited to the region of even-even nuclei with Z ≥ 84.
This formula describes well the experimental data of nuclei with N ≥ 128 but fails in the region of lighter α-emitters, which have not been available at the moment of its derivation. A better overall result gives a simple relationship of Wapstra et al. [4] also valid for even-even nuclei with Z ≥ 85. In the new variant derived by A. Brown [10] for nuclei with Z ≥ 72 the agreement with experimental data is not bad for nuclei with Z ≥ 72, but large errors are obtained for lighter parent nuclei.
The formula presented by Taagepera and Nurmia [5] remains one of the best. It is exceeded by a variant due to Keller and Münzel [7] . Viola and Seaborg [6] introduced a relationship which gives excellent agreement in the region of actinides but it underestimates the lifetimes of lighter nuclei, in contrast with overestimations obtained with the first of the above mentioned formulae.
In the region of superheavy nuclei the majority of researchers prefer to use Viola-Seaborg formula. Very recently for nuclei with Z = 84 − 110 and N = 128 − 160, for which both Q was motivated by a large deviation from the average behaviour. A simple version of the Viola-Seaborg formula was proposed by Parkhomenko and Sobiczewski [13] .
Since 1979 one of us (DNP) considered α decay a superasymmetric fission process [20, 21] .
Consequently a new semiempirical formula for the alpha decay halflives [16] was a straightforward finding [16, 22] . Moreover, the analytical and numerical superasymmetric fission (ASAF [23] and NUSAF) models were used together with fragmentation theory developed by the Frankfurt School, and with penetrability calculations like for α decay, to predict cluster (or heavy particle) radioactivity [24] [25] [26] [27] [28] [29] . The extended calculations [30] [31] [32] have been used to guide the experiments and as a reference for many theoretical developments. A series of books and chapters in books, e.g. [33] [34] [35] [36] [37] are also available. A computer program [17] gives us the possibility to improve the parameters of the ASAF model in agreement with a given set of experimental data. The UNIV (universal curve) model was updated in 2011 [38] .
The interest for αD is strongly simulated by the search for heavier and heavier superheavies (SHs) -nuclides with Z > 103, produced by fusion reactions [39] [40] [41] [42] who may be identified easily if a chain of αD leading to a known nucleus may be measured. Recently it was shown that for superheavy nuclei with atomic numbers Z > 121 [29, 43] αD may be stronger than CD or spontaneous fission.
A very interesting result was reported by Y.Z. Wang et al. [44] , who compared 18 such formulae in the region of superheavy nuclei. They found: "SemFIS2 formula is the best one to predict the alpha-decay half-lives ... In addition, the UNIV2 formula with fewest parameters and the VSS, SP and NRDX formulas with fewer parameters work well in prediction on the SHN alpha-decay half-lives [6, 13, [45] [46] [47] ."
In this work we intend to study how may be improved a formula developed by G. Royer [48] by adding few parameters fitted to experimental data. We shall use three data sets, belongs to DNP's group, and the set C was taken from G. Royer [48] ; few Q-values have been updated using the AME12 evaluation of experimental atomic masses [18] . Comparison with ASAF, UNIV, and semFIS will be made using both A, B and C data sets. We may compare the results obtained by using the set A, B and C in tables I and II. We can see a slight improvement by using the set B. The half-life of a parent nucleus AZ against the split into a cluster A e Z e and a daughter
The Royer formula [48] is defined as
is calculated by using the WKB quasiclassical approximation, according to which the action integral is expressed as
with B = µ -the reduced mass,
E corr is a correction energy similar to the Strutinsky [49] shell correction, also taking into account the fact that Myers-Swiatecki's liquid drop model (LDM) [50] overestimates fission barrier heights, and the effective inertia in the overlapping region is different from the reduced mass. The turning points of the WKB integral are:
where E * is the excitation energy concentrated in the separation degree of freedom, R i = R 0 − R e is the initial separation distance, R t = R e + R d is the touching point separation distance, R j = r 0 A 1/3 j (j = 0, e, d; r 0 = 1.2249 fm) are the radii of parent, emitted and daughter nuclei, and E 0 b = E i − Q is the barrier height before correction. The interaction energy at the top of the barrier, in the presence of a non negligible angular momentum, lh, is given by:
The two terms of the action integral K, corresponding to the overlapping (K ov ) and separated (K s ) fragments, are calculated by analytical formulas (approximated for K ov and exact for K s in case of separated spherical shapes within the LDM):
where r = R t /R b and c = rE c /(Q + E v + E * ). In the absence of the centrifugal contribution (l = 0), one has c = 1.
The choice E v = E corr allows to get a smaller number of parameters. It is evident that, owing to the exponential dependence, any small variation of E corr induces a large change of T, and thus plays a more important role compared to the preexponential factor variation due to E v . Shell and pairing effects are included in E corr = a i (A e )Q (i = 1, 2, 3, 4 for eveneven, odd-even, even-odd, and odd-odd parent nuclei). For a given cluster radioactivity there are four values of the coefficients a i , the largest for even-even parent and the smallest for the odd-odd one (see figure 1 of [31] ). The shell effects for every cluster radioactivity is implicitly contained in the correction energy due to its proportionality with the Q value, which is maximum when the daughter nucleus has a magic number of neutrons and protons.
With only few exceptions, in the region of nuclei far from stability, measured α-decay partial half-lives are not available. In principle we can use the ASAF model to estimate these quantities. Nevertheless, slightly better results can be obtained by using semFIS [51] . The potential barrier shape similar to that we considered within the ASAF model was calculated by using the macroscopic-microscopic method [52] , as a cut through the PES at a given 
IV. UNIV (UNIVERSAL FORMULA)
In cluster radioactivity and α-decay the (measurable) decay constant λ = ln 2/T , can be expressed as a product of three (model dependent) quantities
where ν is the frequency of assaults on the barrier per second, S is the preformation probability of the cluster at the nuclear surface, and P s is the quantum penetrability of the external potential barrier. The frequency ν remains practically constant, the preformation differs from one decay mode to another but it is not changed very much for a given radioactivity, while the general trend of penetrability follows closely that of the half-life. The external part of the barrier (for separated fragments), essentially of Coulomb nature, is much wider than the internal one (still overlapping fragments).
According to Ref. [53] the preformation probability can be calculated within a fission model as a penetrability of the internal part of the barrier, which corresponds to still overlapping fragments. One may assume as a first approximation, that preformation probability only depends on the mass number of the emitted cluster, S = S(A e ). The next assumption is that ν(A e , Z e , A d , Z d ) = constant. In this way one arrives at a single straight line universal curve on a double logarithmic scale log T = − log P s − 22.169 + 0.598
where
Sometimes this universal curve is misinterpreted as being a Geiger-Nuttal plot. Nowadays by Geiger-Nuttal diagram one understands a plot of log T versus ZQ −1/2 , or versus Q −1/2 .
In this kind of systematics the experimental points are scattered. Nevertheless, for a given atomic number, Z, or for the members of a natural radioactive series, it is still possible to get a single straight line.
The strong shell effect at the magic neutron number N = 126, which was ignored when the approximation S = S(A e ) was made to give a pronounced underestimation of the half-lives in the neighborhood of N = 126.
For α-decay of even-even nuclei, A e = 4, one has log T = − log P s + c ee (16) where c ee = log S α − log ν + log(ln 2) = −20.375. We can find new values for c ee and we also can extend the relationship to even-odd, odd-even, and odd-odd nuclei, by fitting a given set of experimentally determined alpha decay data.
V. SEMFIS (SEMIEMPIRICAL RELATIONSHIP BASED ON FISSION THEORY OF α-DECAY)
Mainly the Z dependence was stressed by all formulae, in spite of strong influence of the neutron shell effects. The neighborhood of the magic numbers of nucleons is badly described by all these relationships. The SemFIS formula based on the fission theory of α-decay gives
and the numerical coefficient χ, close to unity, is a second-order polynomial e-e 0. 
in the reduced variables y and z, expressing the distance from the closest magic-plus-one neutron and proton numbers N i and Z i :
with N i = ...., 51, 83, 127, 185, 229, ..... , Z i = ...., 29, 51, 83, 115, ..... , and Z da = Z − 2 ,
The coefficients B i obtained by using a high-quality selected set of alphadecay data [54] are given in the Table VIII With the SemFIS formula, Rurarz [11] have made predictions for nuclei far from stability with 62 < Z < 76. In the variant of Ref. [9] the shell effect on the formation factor was approximated by an empirical relationship.
Practically for even-even nuclei, the increased errors in the neighborhood of N = 126, present in all other cases, are smoothed out by SemFIS formula using the second order polynomial approximation for χ. They are still present for the strongest α-decays of some even-odd and odd-odd parent nuclides. In fact for non-even number of nucleons the structure effects became very important, and they should be carefully taken into account for every nucleus, not only globally. An overall estimation of the accuracy, gives the standard rms deviation of log T values:
The parameters {B k } of the SemFIS formula could be automatically improved, for a given set of experimental data, by using the computer program described in the Ref. [17] . The In figure 2 we plotted the individual errors: differences of log 10 T theor − log 10 T exp in four groups of alpha emitters. Vertical dashed lines are marking magic numbers of neutrons, either spherical (50, 82, 126) or deformed (152, 162, 172). One can see that the best result is always obtained for even-even alpha emitters.
Superheavy (SH) nuclei, with atomic numbers Z = 104 − 118, are decaying mainly by α decay and spontaneous fission. They have been produced in cold fusion or hot fusion ( 48 Ca projectile) reactions [39] [40] [41] [42] . In a systematic study of α-decay energies and half-lives of superheavy nuclei it was shown [44] that our semFIS (semiempirical formula based on fission theory) and UNIV (universal curve) are the best among 18 calculations methods of α decay half-lives. For some isotopes of even heavier SHs, with Z > 121, there is a good chance for cluster decay modes to compete [29, 43] . 
VII. CONCLUSIONS
The accuracy of the new formula was increased after optimization of the five parameters in the order: a; e; d; c, and b. The SemFIS formula taking into account the magic numbers of nucleons, the analytical super-asymmetric fission model and the universal curves may be used to estimate the alpha emitter half-lives in the region of superheavy nuclei. The dependence on the proton and neutron magic numbers of the semiempirical formula may be exploited to obtain informations about the values of the magic numbers which are not well known until now.
We introduced a weighted mean value of the rms standard deviation, allowing to compare the global properties of a given model. In this respect for the set B the order of the four models is the following: semFIS; UNIV; newF, and ASAF. Nevertheless for even-even alpha emitters UNIV gives the 2nd best result after semFIS, and for odd-even parents the 2nd is newF.
The quality of experimental data was also tested, as one can see by comparing the three sets (A, B, C) . The set B with large number of emitters (580) gives the best global result.
It is followed by the set A (454) three times and the set C (344).
Despite its simplicity in comparison with semFIS the new formula, presented in this article, behaves quite well, competing with the others well known relationships discussed in the Ref. [44] . 
